Introduction
For many decades surface electromyography has been studied by many researchers in the medical and biomechanical fields to get a deeper understanding of muscles and how and when they are activated.
In recent years more and more studies have explored the relationship between single muscles and the complex movements of the human body, but most of these studies were focused on analysing disabilites, anomalies and how to track progress in rehabilitation. Only a few publications focused on using electromyographical signals in real-time to control biomechanical robots e.g. [1] [2] [3] .
The main reason is the difficulty to map the EMG signal into the force a muscle is producing [4] . The approximated relationship itself is not too complex [5] , but influenced by many different parameters. Some of these parameters only vary among different subjects, but some are even different from day to day. With the approach presented in [6] it is possible to calibrate the EMG-to-force relationship in a simple environment.
In this work we explain how calibrated muscle signals can be combined with motion controlling algorithms to achieve stable movements of a biomechanical model that reflects the intended movement of the operator. It is important to keep in mind, that this intention has to valid only for a short period of time in the future (fractions of a second). After that, the model can be synchronized with the reference system (synchronization is not done in this work to show the full effect of the model).
Why EMG?
Many different approaches for tracking the movement of a human being exist. Some use ultrasonic or visual sensors, some goniometers, accelerometers or other techniques. Every technique has its advantages and disadvantages, but all of the mentioned systems sense the current movement. With EMG signals it is possible to track the intended movement, which might differ from the current movement due to obstacles or lack of sufficient muscle-power. And if the EMG sensors are placed carefully, the intention should even be readable ahead of time. The reason for this is that EMG signals are detectable slightly before the movement is performed, because muscles take some time to produce the force after having received the activation signal.
Environment
In this section the environment is described in which the biomechanical model and the motion controller is embedded. Refer to Fig. 1 for an initial overview of the whole system.
As stated before, the basic idea is to let the Human interact with the Mechanical System. To achieve this, EMG Signals are collected from some of the muscles of the subject and converted to forces in the block EMG-to-Force Converter. The resulting Forces are fed into the Biomechanical Model that represents the human subject. Through forward dynamics computation accelerations for all body parts are calculated from the muscle forces and the current state of the model. After doubleintegrating those accelerations, the resulting joint angles, velocities and accelerations form the new state of the model and are interpreted as the desired movement of the human. The Stability Controller analyses the model state and calculates supporting torques for the ankle, knee and hip joint to bring the model back into a stable pose if necessary. The supporting torques are fed back to the biomechanical model to take effect.
The Motion Controller takes the desired movement and computes the control signals for the Mechanical System. Because of the connection between the human body and the mechanical system, the motion of the actuators of the mechanical system affect the human body (Force Feedback 
EMG Setup
The EMG signals are sampled with 1 KHz from DelSys 2.3 Differential Signal Conditioning Electrodes [7] with an inbuilt gain of 1000 V V and a bandpass filter from 20-450 Hz. The input data are rectified and then smoothed by a lowpass filter with a cutoff frequency of 5 Hz [8] .
Reference System
The reference system is needed to capture the actual movement of the human limbs for the calibration step. We have used a reference system based on the two axis accelerometers ADXL210 from AnalogDevices Inc. [9] . As shown in Fig. 2 the orientation of the limb in the sagittal plane can be calculated by projecting the earth gravity field into the x-and y-axis of the sensor:
One sensor was placed on each of the torso, thigh and shank and as close as possible to the rotation axis of the joints to reduce the inertial acceleration resulting from limb movement (the error is small enough below 45 deg s 2 ). Due to the nature of the sensors, there is only 0.5% temperature drift and a peak-to-peak noise below 2%.
Biomechanical Model
In literature a lot of information can be found about the anatomy of the human body: The properties of muscles, joints, tendons and tissues are available [10] and elaborated investigations have been done on biomechanical modelling of those [11] . Unfortunately, with increasing complexity of the model, more parameters have to be calibrated for every subject. Even though it is possible to create a complex model of the lower extremities [12] , it is impossible to provide all those muscles in the model with properly recorded EMG values. This would result in an uncompensated defect of some muscles. So an equal layer of abstraction has to be applied everywhere.
For our experiments we have chosen a very simple model: It consists of the trunk, thigh, shank, foot and four muscles, as shown in Fig. 3 We are aware that this is a rough approximation, but since the goal is to provide input values for a control unit of a mechanical construction and not pursueing clinical analysis, this seems to be an adequate simplification. If required, more muscles can easily be integrated into the model.
Each of those muscles is only represented by a contractile element. The passive elastic and viscous elements are summed up in the joints spanned by the muscle (in contrast to the Hill model) together with the friction of the joints. This simplification is similar to one presented in [13] . The overall frictions are assumed to be 5.0 [14] and were optimized by hand. The parameters of one muscle in our model are: the point of origin and insertion and the two parameters in the EMG-to-force function:
−φ e x(t) (1) where x(t) is the postprocessed EMG signal and φ s , φ e two muscle parameters. Since muscle origin and insertion are similar for the same average adult, offline optimization or calculation derived from the body dimensions can be used. Due to lack of space here, the model can be received from the authors on request. There are many other anatomical properties described in literature, but they are neglected for now.
Torso, thigh, shank and foot are modelled as cylindrical rigid bodies. The masses are calculated as fixed fractions of the total body weight (m total = 88kg) of the subject (figures can be found e.g. in [15] ). The dynamic equations were derived using Kane's formalism [16] , and have the following form:
where
the vector of generalized coordinates (joint angles)
• u = (u ankle , u knee , u hip ) T is the vector of corresponding generalized velocities (withq = u, the dot denotes the time derivative in a Newtonian reference frame) • M(q) (matrix function) takes into account the mass distribution • f (q, u) (vector function) describes the influence of both inertial forces and gravity • T is a vector of the generalized forces applied to the system. For the model considered, these are: -the forces produced by the muscles (F EMG ) multiplied with the nonlinear function g(q) (current system configuration and geometry of the muscles) -friction torques in joints (depending on u) -supporting-torques vector t s = (t ankle ,t knee ,t hip ) T that keeps the model in a stable pose (additional torques in the joints) -temporary contact force f c
For the experiments perfomed (see sec. 4) an additional external force f c is needed that must be applied to the hip to simulate the contact force with the chair when sitting down. A small P-controller simulates the effect of the chair contact force. If the y-coordinate of the hip y hip moves below a certain value y chair (height of the chair) the contact force f c is applied to the hip to move the hip back on top of the chair and to the first point of contact with the chair in x (x cc ):
where y chair = 0.45m, α = 1.5 × 10 5 N m , β = 1.0 × 10 5 N m (experimentally determined). This controller might be substituted by an external sensor (either to get a boolean value for "contact" / "no contact" or the force value f ).
An external floor contact force is not needed since the foot position is fixed and the reaction forces can be calculated implicitly through the model. The dynamic eqs. (2) were generated with the symbolic manipulation tool AUTOLEV [17] . The script for the system description and eqs. generation can be received on request.
Stability Controller
The stability controller is activated whenever the recorded EMG signals are not sufficient to keep the model in a stable pose. f M1 (force of muscle group M1) is monitored and whenever f M1 < 500N the stability controller is activated. In our experiments this is the case when standing upright. The controller is based on an approach presented in [18] . It takes the current state of the model (q, u,u) as and input and calculates the supporting-torques vector t s that is applied to the joints. The stabilty condition is
Where x cm is the x-coordinate of the center of mass of the whole body, x toe the xcoordinate of the tip and x heel of the heel of the foot. From the dynamic equations of the model x cm can be rewritten as
where g is a non-linear function in q. Dual differentiation of eq. 4 leads to
where β 0 , · · · , β 3 are non-linear functions in q and u. Ifu is chosen in a way that eq. 5 is satisfied the center of mass x cm is moving towards x c . This can be calculated by interpreting eq. 5 as a plane in the acceleration space where β 0 , · · · , β 3 are considered constants for a given moment in time (for a detailed explanation, see [18] ) andu as variables with arbitrary values. Projectingu des (necessary acceleration to reach a desired pose) onto the plane defined by β 1 , β 2 , β 3 and β 0 − a cm we get the support accelerationsu s and through inverse dynamic calculation the supporting torques t s .
where k = 100 Nm s 2 . For the calculation of the desired coordinates q ankle,des , q knee,des (standing position) the hip is at y hip = 0.955m above the ankle and q hip is calculated by solving eq. 4 with x cm = x c .
Experiments
The experiments were started in an upright standing position of the subject with both legs parallel. The subject was sitting down on a chair in a natural way (see Fig. 4 ). In between a good correlation of the movement can be seen. Distortions at the start are due to different stability conditions and missing masses (head, arms) in the model. Because no muscle for bending the back or the ankle is recorded, the hip is not pushed back (and the back is straight). This also affects the resulting knee and ankle angles. During the experiment, the main force contributions from the modelled muscles come from the groups represented by M1 and M2. The only external forces affecting the motion was gravity and the chair contact force f c (only temporary). Fig. 5 shows the angles in the ankle, knee and hip joints during the movement together with the muscle forces to show the interaction of the muscle forces with the modelled body parts.
Discussion and conclusion
As can be seen in this experiment, it is possible to calculate the intended movement of the subject with EMG signals. Although the presented movement here is quite simple compared to real-life situations, it should not be forgotton that for analysing the intentions of a subject the biomechanical model has to be valid only for a fraction of a second after synchronisation with the reference system. In the middle of the movement the model imitates the reference quite good. To use the algorithm as a versatile intention reader for more complex movements, a lot of work needs still to be done. More muscles have to be integrated (at the torso and shank) and the stabilty controller has to be more flexible. Also the issue of force feedback from the exoskeleton will be a major topic for further research. But the results so far look promising for future work.
